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Polymer-assisted  deposition  (PAD)  method  has  been  employed  to  prepare  SrTiO3(STO)  films  on  ITO sub-
strates,  which  have  been  applied  as cathode  buffer  layer  in inverted  polymer  solar  cells.  ZnO  and  TiO2

films  on  ITO  glass  were also prepared  via  PAD  and  have  been  utilized  as  cathode  buffer  layers  in the
sisted deposition

inverted  polymer  solar  cells  for comparison,  which  show  better  efficiency  than  those  using  ZnO  and  TiO2

as interfacial  layers  prepared  through  other  methods.  The  power  conversion  efficiency  (PCE)  of  ∼3.5%
was  achieved  with  STO  as  the  cathode  buffer  layer  as  well  as MoO3 as  the anode  buffer  layer,  which  is
comparable  to that  with  ZnO  and  TiO2 prepared  using  the  same  method  as  cathode  buffer  layers.  Our
findings  indicate  that  STO  has  the  potential  to  be  a candidate  as interfacial  layers  in  solar  cell  devices.

© 2017  Elsevier  Ltd.  All  rights  reserved.
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er solar cells (PSCs) have attracted great attention due to
ntial applications as low-cost renewable energy sources

nventional PSCs usually consist of an active layer (includ-
ron transport layer, absorber layer and hole transport
h as poly(3,4-ethylenedioxythiophene) polystyrene sul-
EDOT:PSS)) sandwiched by transparent indium tin oxide
glass as the anode and a low-work-function metal (typi-

inum) as the cathode. Anode degradation caused by the
ffusion induced etching of ITO can occur in conventional
ulting in short lifetime of the devices [4–6]. In order to
the stability of PSCs, PSCs of inverted structures, where
e of charge collection is reversed, have been employed as
ative to improve the lifetime of solar cells [7–9]. To fur-
nce the device stability, inorganic semiconductor oxides

between ITO and the active layer has been implemented
r layer in an inverted device structure to selectively col-
rons as well as avoid the contact of ITO film with PEDOT
4,6,8–10]. The buffer layer works as an electron-collecting

 and a hole-blocking layer, which is essential for achieving

nium
utili
gate
[6,6]
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iency PSCs [11]. Due to their matching band structures,
 physical properties and high carrier mobility, several
al metal oxides, such as zinc oxide (ZnO) [5,8,12,13], tita-
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de (TiO2) [6,9,14], niobium oxide (Nb2O5) [9] have been
s the electron transport layer in contact with the conju-
lymers (commonly poly(3-hexylthiophene) (P3HT) with
nyl-C61-butyric acid methyl (PCBM)) in the inverted PSCs
e PEDOT in order to achieve a higher stability.
ms of the preparation of metal oxide films, a vari-
proaches have been developed, including sol–gel [15],
rmal [14,16–19], chemical vapor deposition (CVD) [20],
ser deposition (PLD) [21], etc. Polymer-assisted deposi-
), an aqueous chemical solution route, has paved a new
lm growth since it was first reported in 2004 [22]. In such
ethod, polymers used as binding agent to metal ions play
les in growing high-quality thin films. Polymers could

ombine with any metal ions by electrostatic attraction,
 bonding or covalent bonding to form metal–polymer
s. This indicates that it is possible to prepare almost

 of metal–polymer complex solutions which could not
d through other chemical solution method. Besides, the

 of the metal–polymer complexes could also be adjusted
controlling the amount of polymer added, which would
ffect the film thickness or even quality. Moreover, films

 by PAD method are uniform and smooth with high qual-
the material growth could be controlled on the molecular
preventing the metal hydrolysis through forming stable
ronmentally friendly metal–polymer precursors [22,23].
 different materials, such as metal oxides [24,25], metal-
26–28] and metal-carbides [29,30] have been successfully

 by using this method.
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with the perovskite structure is a very attractive material
ation in microelectronics because of its high-charge stor-
city, chemical stability, good insulating properties and

 optical transparency in the visible region [31]. It has a sim-
 structure as ZnO but a higher dielectric constant (∼104)
ch can favor charge transfer and thus be potentially used
n transport layer in PSCs. SrTiO3/ZnO composites with
mixing ratios used as cathode buffer layer have been
ated in inverted PSCs [10]. The power conversion effi-

 PSCs with STO:ZnO as electron transport layer varies
tly depending on the ratio of STO to ZnO. With the ratio

 ZnO increasing, the power conversion efficiency first
 and then decreases with a maximum efficiency of 4.1%

 ratio of STO to ZnO is 1:9. When the ratio increases to
ower conversion efficiency decreases to 2.38%. However,
g of those two composites increases the complexity of

rial preparation and introduces extra grain boundaries,
detrimental to the electron transport and thus the power
n efficiency of the PSCs.
we report on the inverted PSCs with pure SrTiO3films as
uffer layer for the first time. Uniform SrTiO3 films were

 on ITO substrate via the PAD method to work as cath-
r layer in the inverted PSCs. The results indicate that the
nversion efficiency of the solar cells based on P3HT and
th SrTiO3 film as cathode buffer layer and MoO3 as anode
l layer is up to 3.5%, comparable to that of PSCs with ZnO
layer reported previously [5,8,12,13].

imental

aration of strontium titanium oxide (STO) film and
y PAD

le strontium–polymer solution was prepared by dissolv-
tium nitrate (2 g), polyethyleneimine (PEI 4 g, 50 wt% PEI
, and ethylenediaminetetraacetic acid (EDTA, 2 g) in 30 ml

 (DI) water. Titanium–polymer solution was  prepared
g 3 ml  titanium chloride solution (1 M in toluene) with
rogen peroxide (H2O2) with addition of PEI (10 g, 50 wt%

ater), EDTA (5 g) and extra deionized water. Then two
lymer solutions were mixed to get equal molar amount

ium and titanium in the resultant mixture, which was
irred for 4 h. Then the solution was spin-coated on the
d glass or fluorine tin oxide (FTO)-coated glass at a speed
m for 30 s. Finally, the films were annealed at 550 ◦C for

 air with a ramp rate of 1 ◦C/min. STO powder was  also
 using exactly the same procedure without spin-coating
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Fig. 1. XRD pattern of the as-synthesized STO powder (a) and AFM
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ce fabrication

bricate ITO/STO/P3HT:PCBM/Al structures, the ITO
s were first cleaned in an ultrasonic bath with acetone,
ol, and DI-water each for 15 min  sequentially followed by

lasma treatment for 1 min. The metal–polymer precursor
was  spin-coated on cleaned ITO substrates at 2500 rpm
llowed by heating at 550 ◦C for 30 min  in air to form the
. Second, the active layer of P3HT:PCBM was  spin-coated
O layer at a speed of 700 rpm for 60 s in the glove box and

 devices were thermally annealed at 150 ◦C for 10 min.
he Al (100 nm)  layer was  evaporated onto the resultant
s of the devices. For comparison, PSCs with ZnO and
s prepared via PAD replacing the STO layer as the charge

 layer were also fabricated using the same procedure
d above.

ther investigate the performance of STO as cathode buffer
other device structure (ITO/STO/P3HT:PCBM/MoO3/Al)
fabricated. All the fabrication procedure was  exactly the
the previous structure except that 6 nm MoO3 was ther-
porated with a base pressure of about 1 × 10−6 Torr before
posited.

acterization

tructure, composition and morphology of the samples
racterized by X-ray diffraction (XRD) and atomic force
py (AFM). XRD was  carried out in Rigaku Miniflex-II
a (� = 1.5406 Å) radiation, 30 kV/15 mA current and k�-

 was performed in a Dimension Fast Scan Atomic Force
py by Bruker Corporation with tapping mode. The current
J)–voltage (V) characteristics of the solar cells were mea-
he glove box using a Keithley 2400 source measurement

 an Oriel Xenon lamp (450 W)  coupled with an AM1.5 fil-
brated silicon reference solar cell certified by the National
le Energy Laboratory (NREL) was  used to verify the mea-
t conditions. A light intensity of 100 mW/cm2 was used in
easurements in this study.

ts and discussion

ructure of the as-synthesized STO powder was charac-
y XRD, as shown in Fig. 1a. All the diffraction peaks of
le could be assigned to cubic-phase with calculated lat-
meter of a = 3.9027 Å, which are well in agreement with
rted values (PDF card #35-0734). No other peaks were
, which indicates that the phase of the as-synthesized
is very pure. All the peaks are identifiable with high inten-

icating the excellent crystalline quality of the material.
mages show that the as-synthesized STO film surface is
nd flat (Fig. 1b and c). The relatively uniform surface could
r confirmed by the three-dimensional graph. The root

 surface morphology (b, c) of STO film.
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Fig. 2. (a) Schematic of inverted structure of PSCs we adopted; (b) energy band alignment diagram
with STO, TiO2, ZnO on ITO and FTO glass as cathode buffer layers.

Table 1
J–V  characteristics of STO, TiO2, ZnO on ITO and FTO-glass as cathodic buffer layers
for the inverted polymer solar cells.

Voc (V) Jsc (mA/cm2) FF PCE (%)

ITO/STO 0.619465 8.990258 0.531512 2.960068
ITO/ZnO 0.618167 9.744184 0.614077 3.698911
ITO/TiO2 0.630859 9.186875 0.651412 3.775338
FTO/STO 0.616843 8.436181 0.589181 3.065977
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Table 2
Comparison

Material 

ITO/TiO2/
ITO/ZnO-
ITO/ZnOT
ITO/TiO2/
ITO/TiO2/
ITO/ZnO/
ITO/ZnO/
ITO/ZnO/
ITO/ZnO/

The power 

buffer  layer
0.584837 8.523768 0.577973 2.881207
0.617673 8.800226 0.600575 3.234525

are (RMS) surface roughness is around 1.76 nm, which is
aller than that of cathode buffer layers reported previously

 anticipated that the buffer layer with small roughness
d to a good contact with the polymer, which could benefit
on transport at the interface between the buffer layer and

 thus resulting in solar cell with a low series resistance and
ort-circuit current [4].
s-prepared STO film on ITO substrate has been applied
n transport layer in the inverted PSCs constructed with
f P3HT and PCBM (Fig. 2a). The corresponding energy

gram is displayed in Fig. 2b, which indicates that the
 would allow electrons to be efficiently collected by the
Fig. 2c represents the characteristic J–V plot. The short-
rrent density (Jsc), open-circuit voltage (Voc), fill factor

power conversion efficiency (PCE) values are summarized
1. It was observed that PSCs with STO as cathode buffer

 a PCE of 2.96%.
nd TiO2 have drawn much attention in serving as the
ers because they have good transparency across the whole
ectral range, relatively high-electron mobility and envi-
l stability [5,34]. Since this is the first time for pure STO
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d as electron transport layer in PSCs, we also included the
 ZnO and TiO2 thin films prepared by the same method
lectron transport layer in PSCs for comparison. Therefore,
TiO2 films were also fabricated using PAD method and

correspo
trated in
which it i
could be 

 of the inverted PSC performances using ZnO and TiO2 as cathode buffer layers prepared

Methods Voc (V) Jsc

P3HT/PEDOT:PSS/Au Hydrothermal 0.63 8.1
TiO2/P3HT:PCBM/Ag ZnO template 0.646 9.9
iO2/P3HT/Au Sol–gel 0.46 3.4
P3HT:PCBM/LiF/Al Hydrothermal 0.68 8.0
P3HT:PCBM/Al PAD 0.631 9.1
PCBM:P3HT/Ag Sol–gel 0.556 11.
PCBM:P3HT/Ag Sol–gel 0.475 10.
PCBM:P3HT/Ag Sol–gel 0.57 9.6
PCBM: P3HT/Al PAD 0.618 9.7

conversion efficiency of solar cells with STO on ITO/FTO two  different substrates as cathod
s.
 for the inverted structure; and (c) the J–V curves of the inverted PSCs

n utilized as the cathode buffer layer in the inverted PSCs
 same structure. To compare with the PSCs with STO as
buffer layer, while keeping all the other components mea-
t parameters the same (such as thickness of P3HT/PCBM,

 process), we  just changed the cathode buffer layer to ZnO
which have similar electron affinity and band gap with

 the results in Fig. 2c and Table 1, we can see that PSCs
 as cathode buffer layer give the comparable PCE com-
th those using well-developed ZnO and TiO2 as cathode
ers. In addition, PSCs with PAD prepared TiO2 and ZnO as

transport layers exhibit relatively higher efficiencies than
thesized via other methods, which is shown in Table 2.

cates that PAD method has the potential to be a versatile
or preparation of metal oxide films as cathode buffer lay-
lymer solar cells. Furthermore, we also investigated how
rates influence the performance of the PSCs by replacing
bstrate with FTO glass while keeping all other parameters

. Overall, the PSCs performances are comparatively better
 as substrate than those with FTO as substrate, except for

 whose performances are similar by using these two  dif-
bstrates, indicating that STO can be used as cathode buffer
h less requirement for the substrate selection.
denum oxide (MoO3) film prepared using PAD method

 reported as anode buffer layer in inverted PSCs which
nefit the hole extraction and thus exhibits great per-

 with PCE of 2.94% [22]. Considering that with STO as
uffer layer, the performance of PSCs has been improved
ructure could also be stabilized. Therefore, it is anticipated

 applied both MoO3 as anode and STO as cathode interfa-
s in the inverted PSCs, the performance could be further
. We  have designed another inverted PSC structure with

de and cathode buffer layers as shown in Fig. 3a and the

nding energy level diagram in this structure is also illus-

 Fig. 3b. Fig. 3c indicates the characteristic J–V plot, from
s shown that the inverted polymer solar cell performance
refined with values of Voc = 0.49 V, Jsc = 15.1 mA/cm2, and

 by PAD and other methods.

mA/cm2) FF PCE (%) Ref

2 0.61 3.12 [16]
5 0.516 3.32 [35]
8 0.47 0.76 [15]

 0.6 3.2 [19]
9 0.65 3.775 Our
22 0.475 2.58 [36]
00 0.475 2.0 [13]
0 0.50 2.7 [12]
44 0.61 3.699 Our

e buffer layers has been highlighted to compare with that with different
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